Introduction {#s1}
============

PET/CT, which provides both functional and anatomical images simultaneously, has demonstrated to be advantageous for the diagnosis and treatment of cancer patients [@pone.0058886-Wahl1]--[@pone.0058886-Abramyuk1]. PET can be used in patient diagnosis for the initial tumor staging and restaging. With respect to the use of radiotherapy in treatment planning, the incorporation of PET information aids in delineation of the target volume, allowing for adequate dose coverage and minimal toxicity to normal tissues; PET also facilitates monitoring of the therapy response. However, the long acquisition time of PET imaging compared to CT anatomic imaging may cause problems in data registration for a diagnostic PET/CT scan. For lung cancers, additional challenges due to respiration in the thoracic section complicate the interpretation of PET images and also lead to blurring and mis-registration artifacts between PET and CT scans [@pone.0058886-Park1]. The blurring of PET from the motion of respiration results in two main artifacts, an increase in the tumor size and reduction of standardized uptake value (SUV).

A PET image is considered to be the time-averaged map of the SUV because the acquisition covers several breathing cycles. Respiratory motion can blur the SUV and lead to additional signal reduction. As a result, changes in the SUV maxima are caused by the respiratory pattern rather than by the original tumor fluorodeoxyglucose (FDG) uptake. Gated lung (4D) PET scanning was developed to reduce the effects of blurring in the detection of FDG uptake [@pone.0058886-Nehmeh1]--[@pone.0058886-Callahan1]. Combined with 4D CT acquisition, 4D PET can provideaccurate tumor location information as a function of the respiratory phase in PET/CT imaging [@pone.0058886-Aristophanous1]. Several phantom studies have investigated the effects of motion on PET scans [@pone.0058886-Park1], [@pone.0058886-Callahan1]--[@pone.0058886-Pevsner1]. 4D PET (gated) whole body scans that avoid signal loss and minimize the effects of tumor motion were reported in previous studies [@pone.0058886-Park1]. Callahan et al. demonstrated significant association between lesion displacements and decreases in the SUV [@pone.0058886-Callahan1]. However, previous studies only investigated the effect of motion on the SUV changes in phantom. They did not directly explore the effect of the tumor motion inpatients and did not consider three-dimensional motion and deformation in the anterior-posterior, lateral and superior-inferior directions.

In this study, we investigated thoracic tumor motion with respiratory gated (4D) CT imaging and assessed the effect of thoracic tumor motion on the SUVs in 4D PET imaging using a clinical patient cohort. The SUV difference between 3D and 4D PET imaging due to motion of respiration was also evaluated.

Materials and Methods {#s2}
=====================

Study Subjects {#s2a}
--------------

Under a protocol approved by the IRB at the China Medical University Hospital, Taiwan (DMR98-IRB-171-2), 4D FDG-PET/CT data were obtained from twelve radiation oncology patients with thoracic cancer including five lung cancer patients and seven esophageal cancer patients prior to radiation therapy. The clinical characteristics of these twelve patients are presented in [Table 1](#pone-0058886-t001){ref-type="table"}. All patients signed written, informed consent. The 4D PET scans were performed during the same session, immediately after the 3D PET scans, which were acquired for a clinical purpose, using a single FDG dose. The 4D CT scans were used to contour the internal target volumes (ITV) for treatment planning, while the 4D PET scans were analyzed retrospectively only for the purpose of research.
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###### Clinical characteristics of the study subjects and tumors.

![](pone.0058886.t001){#pone-0058886-t001-1}

  Patient \#    Sex   Age(y)           Histology                        Location                    Type      Stage
  ------------ ----- -------- --------------------------- ------------------------------------- ------------ -------
  1              F      57          Adenocarcinoma            Lung Cancer/ Left upper lobe       Lymph node    II
  2              M      59      Squamous cell carcinoma       Lung Cancer/ Left lower lobe       Lymph node    III
  3              M      63      Squamous cell carcinoma       Lung Cancer/ Right lower lobe      Lymph node    III
  4              M      61      Squamous cell carcinoma       Lung Cancer/ Right lower lobe      Lymph node    III
  5              M      64          Adenocarcinoma            Lung Cancer/ Right lower lobe      Lymph node    III
  6              M      42      Squamous cell carcinoma         Esophageal cancer (Upper)        Lymph node    II
  7              M      37     Dysplastic squamous cells   Esophageal cancer (Middle to lower)   Lymph node    III
  8              M      40      Squamous cell carcinoma        Esophageal cancer (Middle)        Lymph node    III
  9              M      58      Squamous cell carcinoma         Esophageal cancer (Lower)        Lymph node    III
  10             M      53      Squamous cell carcinoma         Esophageal cancer (Lower)        Lymph node    IV
  11             M      53      Squamous cell carcinoma         Esophageal cancer (Lower)         Primary      II
  12             M      44      Squamous cell carcinoma        Esophageal cancer (Upper )         Primary      II

4D PET/CT scan protocol {#s2b}
-----------------------

The data were acquired using GE PET/CT-16 slice, Discovery STE (GE Medical System, Milwaukee, Wisconsin USA) incorporated with a Varian real-time position management (RPM system, Varian Medical Systems, Inc. Palo Alto, CA) for respiratory motion tracking. The 4D sinograms were sorted using the amplitude mode and then reconstructed for each individual phase, and the 4D scans were reconstructed on a 512×512 image matrix. The pixel size in the transaxial slice of the 4D CT images was approximately 0.98×0.98 mm^2^, and the slice thickness was 2.5 mm. The 4D CT image sets were acquired and reconstructed for 10 respiratory phases across the entire respiratory cycle. The 10 respiratory phases were labeled as T5%, T15%, ... T95% phases, with the T5% phase approximately corresponding to the normal end-inspiration and the T55% to the end expiration.

FDG with an activity of around 10 mCi was administered to the patients, and the PET/CT scan session was performed approximately 40 minutes after injection. Patients were placed with their arms up, which matches the treatment simulation position. A thoracic 3D PET scan of two bed positions was performed initially with an 8- to 10-minute acquisition per bed position. The 3D scans were reconstructed on a 128×128 image matrix with a voxel size of 4.46×5.46×3.27 mm^3^. A respiratory gated 4D PET scan of the whole lung was performed with the patient in the same position using the RPM respiratory gating system immediately after the 3D PET scan. A 3D CT scan was used for attenuation correction for both the 3D and 4D PET scans. The ordered subset expectation maximization reconstruction method was used with 2 iterations and 20 subsets for the 3D and the 4D scans. A post-reconstruction Gaussian filter was applied with a full-width at half-maximum of 6 mm for the 3D scan and 7 mm for the 4D scan.

Tumor motion estimation {#s2c}
-----------------------

Deformable image registration is required to generate voxel-to-voxel deformation matrices among the involved CT image sets [@pone.0058886-Horn1]. We developed a four-dimensional deformable image registration algorithm based on the optical flow method (OFM), which links all expiratory phases in the 4D CT. The validation and several successful applications were reported in previous studies [@pone.0058886-Guerrero1]--[@pone.0058886-Huang2]. The OFM calculation equation is

where *n* is the number of iterations (100 in all estimations), *v(n)* is the average velocity derived from the surrounding voxels, *f* is the image intensity, and *α* is the weighting factor that empirically set at 5 for the CT imaging modality. In this study, *v* was calculated for each voxel of the contoured tumor in the anterior-posterior (AP), lateral (LAT) and superior-inferior (SI) directions. The average tumor deformation (TD) for each voxel is defined as. An optical flow program was utilized to calculate the maximum displacements of the TD during the respiratory phases in a 4-D CT data set. The maximum tumor motion during the entire respiratory cycle was acquired between the end-inhalation phase (T5%) and the end-exhalation phase (T55%).

Data analysis {#s2d}
-------------

A region of interest (ROI) was delineated for each tumor individually on the 3D PET scan, at each of the ten phases of the 4D PET scan and on the 4D CT scan. The threshold level was set at 40% of the maximum SUV (SUV~max~) to segment the tumor [@pone.0058886-Aristophanous1], [@pone.0058886-Cerfolio1]--[@pone.0058886-Bradley1].

We measured the SUV maximum within the ROI for the 3D scan, SUV~3D\ max~, and the highest intensity in the ten phases of the 4D scan, SUV~4D\ max~. To investigate the effect of tumor motion on the results, we also defined a quantity to indicate the percentage difference (PD) in the SUV~max~ between the 3D and 4D scans.

Finally, the Pearson correlation coefficient between the deformation and PD was calculated using MedCalc software (Med Calc Software, Mariakerke, Belgium).

Results {#s3}
=======

[Figure 1](#pone-0058886-g001){ref-type="fig"} shows the projection of the tumor deformation vectors with the color scale superimposed on the CT for lung cancer patient 3 in the (A) transverse, (B) coronal and (C) sagittal views. (D) shows a rendering of the TD with a scout view of the thoracic CT for the same patient. [Figure 2(A)](#pone-0058886-g002){ref-type="fig"} illustrates the differences observed between the tumor depiction on 3D and 4D PET scans. One example selected by maximum PD is shown in the coronal view of the PET scan. The 4D contour was consistently larger in the SI direction. FDG-avid regions in the T5% and T55% respiratory phases moving outside the boundary depicted using 3D contours were observed in [Figures 2(B)](#pone-0058886-g002){ref-type="fig"} and 2(C). [Figure 3](#pone-0058886-g003){ref-type="fig"} demonstrates the comparison of the SUVmax with every phase in the 4D and 3D PET scans for each patient. [Table 2](#pone-0058886-t002){ref-type="table"} shows the SUV~3D\ max~, SUV~4D\ max~ and PD for each tumor from the 3D and 4D PET scans, along with the deformation of the tumor (T5% to T55%) by the OFM calculation. The range of deformation for the TD among the tumors varies from 1.00 to 7.77 mm. The maximum values for lung and esophageal cancers were 7.77 and 6.46 mm, respectively. The maximum SUV was 13.4 for the 3D PET scan and 17.5 for the 4D scan. The maximum percentage difference between the 3D and 4D PET scans (PD) was 32, which was found in patient 3, who had lung cancer. The correlations between the PD and TD were 0.4 for the lung cancer group (patients \#1--5) and −0.2 for esophageal cancer patients (patients \#6--12). For the individual direction of the tumor deformation, the correlations were 0.59, 0.48, and 0.31 for lung cancers and −0.43, −0.7, and 0.14 for esophageal cancers in the AP, LAT, and SI directions, respectively. In [Figure 4](#pone-0058886-g004){ref-type="fig"}, patients with lower lung lobe tumors have lager SUV~max~ differences between the 4D PET and 3D PET scans.

![The projection of the tumor deformation vectors with the color scale superimposed on the CT scan for lung cancer patient 3 in the (A) transverse, (B) coronal and (C) sagittal views.\
(D) A rendering of the tumor deformation with a scout view of the thoracic CT for the same patient.](pone.0058886.g001){#pone-0058886-g001}

![One example selected by the maximum PD is shown in the coronal view of the PET scan.\
(A) Differences observed between the tumor depiction in the 3D and 4D PET scans. The 4D contour was consistently lager in the SI direction. FDG-avid regions in the (B) T5% and (C) T55% respiratory phases moving outside the boundary depicted by the 3D contour.](pone.0058886.g002){#pone-0058886-g002}

![The comparison of the SUV~max~ with every phase in the 4D and 3D PET scans for each patient.](pone.0058886.g003){#pone-0058886-g003}

![The SUV~max~ percentage difference (PD%) between the 3D and 4D PET scans, comparing the tumor deformation (TD) with the location of tumors, including lung and esophageal cancer.](pone.0058886.g004){#pone-0058886-g004}
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###### The characteristics of each tumor used in the analysis.

![](pone.0058886.t002){#pone-0058886-t002-2}

  Patient \#    Deformation of tumor motion(mm)   SUV~3DMAX~   SUV~4DMAX~    PD (%)                  
  ------------ --------------------------------- ------------ ------------ ----------- ------ ------ ----
                              AP                     LAT           SI          TD                    
  1                        0.56±0.26              0.66±0.37    3.39±1.04    3.54±0.91   9.5    9.9    4
  2                        0.88±0.77              0.87±0.85    4.05±2.13    4.49±2.29   11.9   13.5   11
  3                        0.77±0.64              0.65±0.44    3.99±1.80    4.22±1.95   11.2   16.5   32
  4                        1.87±1.36              1.67±1.13    4.55±2.67    5.57±3.03   5.3    7.7    31
  5                        0.94±0.80              0.94±0.80    7.55±2.46    7.77±2.29   6.7    8.8    23
  6                        0.49±0.33              0.84±0.59    1.00±0.75    1.60±0.82   8.7    10.2   14
  7                        0.97±0.55              0.60±0.46    1.69±0.66    2.17±0.68   10.9   13.8   21
  8                        1.73±1.24              3.23±1.07    5.14±2.53    6.63±2.66   13.4   14.4   6
  9                        1.64±0.97              2.28±1.26    4.04±2.19    5.26±2.37   7.8    9.1    14
  10                       1.19±0.87              1.22±0.75    4.94±2.11    5.40±2.20    12    17.5   31
  11                       0.78±0.62              1.02±0.58    6.27±2.14    6.46±2.09   9.6    11.8   18
  12                       0.44±0.17              0.28±0.21    3.21±1.27    3.28±1.34   8.9     12    25

Discussion {#s4}
==========

The SUV~max~ of moving tumors as measured with 4D PET scanning is usually higher than for the 3D scan as a result of averaging a long acquisition time. There are reports that signal loss in 3D PET scans is caused by the amount of displacement and pattern of respiration motion, and the 4D PET scan is able to recover most of the loss induced by respiratory motion [@pone.0058886-Park1], [@pone.0058886-Callahan1], [@pone.0058886-Guerrero1]. We observed a similar phenomenon, which is shown in [Figure 3](#pone-0058886-g003){ref-type="fig"}. However, 4D PET has a lower SUVmax in one case due to the statistical uncertainty.

It is fairly obvious that tumors closer to the diaphragm move with a larger amplitude in the SI direction for lung cancer; therefore, we expect that there is a correlation between the magnitude of deformation and the tumor location. In [Table 2](#pone-0058886-t002){ref-type="table"}, our results show that the deformation in the SI direction is larger than in the AP and LAT directions, which contributes the most to tumor motion. This finding is consistent with previous studies [@pone.0058886-Guerrero1], [@pone.0058886-Wang1]. In our statistical analysis, the correlation coefficient of 0.4 between the PD and TD in lung cancer may affect the degree to which the 4D PET results differ from 3D PET.

[Figure 4](#pone-0058886-g004){ref-type="fig"} demonstrates that patients with lower lung lobe tumors have larger SUV~max~ differences between the 4D PET to 3D PET scans. Therefore, the tumor location correlates with the deformation of the tumor and, thus, with the SUV~max~ changes. These observations are in accordance with the studies by Aristophanous and Callahan *et al.*, which had larger patient populations and also contained phantom experiments [@pone.0058886-Aristophanous1]--[@pone.0058886-Callahan1]. For example, a significant loss in the SUV~max~ was observed in the tumors located in the lower lobe in their study. However, the SUV~max~ changes of tumor in esophagus were not correlated with either the TD and PD or PD and tumor location. This information can be used in clinical practice to decide which patients have the potential to benefit from 4D PET. If substantial tumor motion is revealed in 4D CT, a 4D PET scan should be prescribed instead of a 3D PET scan to more accurately distinguish an FDG-avid tumor from an adjacent non-avid tissue or fluid.

Conclusions {#s5}
===========

In this study, we have attempted to show the SUV~max~ difference between 3D and 4D PET scans with deformation and with tumor localization in thoracic cancer patients. Our results show that increased tumor deformation has a significant association with the SUV~max~ loss for lung cancer. The results also show that tumor location in the lower lung lobe is correlated with a decrease in the SUV~max~, while tumors in the esophagus are not correlated with the SUV~max~, the tumor deformation or tumor location in this limited clinical patient cohort.
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